Introduction
Previous reports from this laboratory have described a clinical isolate of the opportunistic pathogen Serratia marcescens, which exists in two different stages of high (HR) and of 10-to 60-fold lower (LR) resistance to cefotaxime and other extended-spectrum -lactam antibiotics. 1, 2 In the bacteria with high and low resistance, the typical 39 kDa molecular class C -lactamase of S. marcescens 3 is semi-constitutively overproduced and further inducible by -lactam antibiotics. Similar overproduction of the chromosomally encoded, inducible AmpC -lactamase (molecular class C; group 1) 4 has been reported in Citrobacter freundii and Enterobacter cloacae, and in Escherichia coli containing cloned ampR and ampC of C. freundii. [5] [6] [7] The -lactam-induced expression of AmpC enzyme is initiated by the transcriptional regulator AmpR following its activation by the induction signal, an Nacetyl-anhydromuramylpeptide released from -lactamdamaged cell wall peptidoglycan. Induction is negatively controlled by AmpD, an N-acetyl-anhydromuramyl-Lalanine amidase which degrades the induction signal. [8] [9] [10] Semi-constitutive overproduction or hyperinducibility of the AmpC -lactamase and highly increased -lactam resistance have been shown to result from different types of defect mutations of the negative control gene ampD. [5] [6] [7] Analysis of the resistance states of S. marcescens with mathematical kinetic models showed that highly resistant bacteria are approximately tenfold less permeable to cefotaxime and other -lactams than bacteria with lower resistance and cells of sensitive strains of S. marcescens. Highly resistant strains may be defective in outer membrane porins used for -lactam penetration. 1, 11, 12 Outer membrane proteins, presumably porins, in the range of 40 to 41 kDa, 13, 14 and defects in such proteins in connection with -lactam resistance have been reported repeatedly in S. marcescens. [15] [16] [17] [18] [19] Using molecular data, [20] [21] [22] the 41 and 40 kDa outer membrane proteins of S. marcescens have been identified as homologues of porins OmpF and OmpC, which serve as -lactam permeation channels in E. coli and other enterobacteria. 23 In the present study with two different clinical strains of S. marcescens, selected progeny with combined porin defects and -lactamase overproduction, and with defective porins or overproduced -lactamase alone, were compared and the individual contribution of these factors to the extended-spectrum -lactam resistance was determined. Using clinical strains of Serratia marcescens with low and high resistance to extendedspectrum -lactam antibiotics, the relative contribution of chromosomal -lactamase and defective outer membrane porins to resistance was determined. Low-level resistance was caused by overproduced -lactamase alone. High-level resistance was due to -lactamase overproduction and defects of porin OmpF or OmpF and OmpC. Overproduction of -lactamase in bacteria with both degrees of resistance was eliminated by transformation with cloned ampD + , the gene (from Escherichia coli) for negative modulation of -lactamase induction. In transformants of highly resistant bacteria with normally low and inducible -lactamase production, the remaining porin defects alone imparted only minimal resistance to extended-spectrum -lactam antibiotics.
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Materials and methods
Bacteria and plasmids
S. marcescens clinical strains 921/79 (extended-spectrum -lactam resistant) and HIM 307-2 (extended-spectrum -lactam sensitive) were described previously. 1,2 The bacteria were grown in LB-broth or on LB-agar medium. 24 Plasmid pNU434 (ampD , Km r ) carrying cloned ampD from E. coli and the kanamycin resistance marker in the vector pBR322 was kindly made available by Dr Susanne Lindquist, Department of Microbiology, University of Umeå, Sweden. It contains a kanamycin cassette excised from pUC4K with BamHI and inserted into the single BamHI site in the Tc r region of pNU405 (ampD , Tc r ) with simultaneous inactivation of the tetracycline marker. Available plasmids carrying ampD and either tetracycline or chloramphenicol resistance markers 5, 6 could not be used for the introduction of ampD into S. marcescens strains because these were highly resistant to tetracycline and chloramphenicol at all levels of -lactam resistance.
Transformation of pNU434 into S. marcescens was carried out using the calcium chloride technique. 25 Transformants were selected on LB-agar plates containing kanamycin 50 mg/L.
Susceptibility tests
MICs of the extended-spectrum -lactam antibiotics cefotaxime (Hoechst, Frankfurt/Main, Germany), ceftazidime (Cascan, Wiesbaden, Germany), aztreonam (Squibb-Von Heyden, München, Germany), latamoxef (Eli Lilly, Bad Homburg, Germany), and imipenem (Merck, Sharp & Dohme, München, Germany) were determined by standard macro broth dilution assay in Mueller-Hinton medium.
-Lactamase
Assays of -lactamase activity using cephalothin (Eli Lilly, Bad Homburg, Germany) as substrate and induction of -lactamase with cefoxitin (Merck, Sharp & Dohme, München, Germany) were performed as described previously. 1 
Preparation of cell envelopes and separation of outer membrane proteins
Exponentially growing bacteria were harvested from shake cultures in LB-broth at an OD 578 of 0.8. Preparation of cell envelopes by sonication of bacteria, trypsin treatment of envelopes for selective digestion of OmpA protein, and separation of outer membrane proteins by sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE) were carried out as performed by Lugtenberg and colleagues 26 with the following modi- 28 Quantities of stained protein bands were determined by scanning with a Pharmacia Ultrascan XL laser densitometer. 29 Protein contents of envelopes and membrane protein solutions were determined according to Markwell and colleagues. 30 
Results
Different levels of -lactam resistance in S. marcescens
The initially isolated, highly cefotaxime-resistant clinical strain S. marcescens 921/79 HR 1 yielded progeny of lower resistance during prolonged subculture on antibiotic-free medium. From the resulting S. marcescens 921/79 LR, highly resistant clones, 921/79 HR II, were obtained again, in serial transfer culture with stepwise increase of the cefotaxime concentration up to 500 mg/L. During serial transfer in the absence of antibiotic, reversion from HRII to lower resistance (LRII) was again observed, but neither the high nor the lower resistance state reverted to the cefotaxime-sensitive state normally found in S. marcescens. A comparison of the high and lower resistance states of 921/79 with their cefotaxime-sensitive parent was not possible.
Therefore, the desired set of isogenic bacteria withlactam sensitivity, and with low and high resistance was obtained from the sensitive clinical strain S. marcescens HIM 307-2 by replica plating on LB-agar with increasing cefotaxime concentrations. By appropriate selection on medium with or without cefotaxime, highly resistant clones were obtained from cultures with lower resistance and vice versa. Reversion from high or low resistance to the -lactam-sensitive state never occurred.
Sensitivity to extended-spectrum -lactam antibiotics and the activity of -lactamase in bacteria in the sensitive and resistant states are shown in Table I . The minimal inhibitory concentrations (MICs) of the antibiotics were identical for the independently obtained isolates with lower resistance (LR and LRII) and for the original and reisolated bacteria with high resistance (HR and HRII). Similar changes probably occurred during each acquisition of high resistance and reversal to lower resistance.
In the strains HIM 307-2 and 921/79, the levels of resistance in the states of lower and high resistance compared with the sensitive HIM 307-2 were quite similar for cefotaxime and latamoxef, but very different for cefta-zidime and aztreonam, suggesting that different factors were responsible in the two strains. Slow growth of resistant S. marcescens and formation of small, 'grey' 31 or translucent 15 colonies on agar medium have been reported.However, no abnormal colony morphology was observed in any of the lower and high resistance isolates of the HIM 307-2 and 921/79 strains. Sensitive and resistant bacteria of HIM 307-2 had identical generation times of 25-27 min, whereas in 921/79 generation times were 58, 43, and 36 min for the original and the reisolated state of high resistance and for bacteria with lower resistance, respectively.
Dependence of low and high -lactam resistance on defects in ampD-controlled -lactamase expression
In the extended-spectrum -lactam sensitive HIM 307-2, constitutive -lactamase activity was typically low but inducible 100-fold by cefoxitin (Table I) . Bacteria of strains HIM 307-2 and 921/79 in the lower and high resistance states expressed 50 to 170 times higher noninduced -lactamase activity and a further two-to five-fold increased activity after induction. This semi-constitutive overproduction of -lactamase was eliminated from the bacteria with lower and high resistance when the cells were transformed with plasmid pNU434 carrying cloned wild type ampD gene from E. coli. 5 In the original, highly -lactam-resistant clinical isolate 921/79 (HR), isolation of transformants by selection for the plasmid-mediated kanamycin resistance was not possible because these bacteria were already resistant to kanamycin. However, transformants were readily obtained from the highly -lactam resistant but kanamycin sensitive 921/79 HRII, which had been reselected on cefotaxime medium from the 921/79 revertant to lower resistance (LR). Thus, the resistances to -lactams and to kanamycin were independent of each other.
In transformants HR/pNU434 and LR/pNU434, noninduced -lactamase activity was as low as in the sensitive HIM307-2, but inducibility of the enzyme in the transformants was only 4-to 14-fold (Table I) . Presumably, -lactamase overproduction in the low and high resistance states of S. marcescens was due to mutational defects in ampD which could be complemented by the heterologous wild type ampD of E. coli.
In HIM 307-2 LR/pNU434, the loss of -lactamase overproduction coincided with the complete return to the sensitivity to extended-spectrum -lactam antibiotics found in the HIM 307-2 parent. In HIM 307-2 HR/pNU434, only the MICs of aztreonam and latamoxef were still four-fold higher than in the sensitive parent strain. In the transformants 921/79 LR/pNU434 and HRII/pNU434, complementation by ampD resulted in a similar disappearance of -lactamase overproduction and in low inducibility of the enzyme. The MICs of extendedspectrum -lactams for the transformant HIM 307-2 LR/pNU434 were low and, within experimental error, they were identical to those of the sensitive parent. Bacteria with low and high resistance were compared with transformants carrying cloned E. coli ampD + gene on plasmid pNU434. Specific activity of -lactamase (µmol of substrate cephalothin hydrolysed/min/mg of protein) was measured in bacteria induced with cefoxitin 10 mg/L (ind) and without induction (nonind). ND, not determined.
Transformant 921/79 HRII/pNU434 had lost most of its original high resistance, and MICs of some extendedspectrum -lactams were only two to four times higher than those of 921/79 LR/pNU434 (Table I) .
Reversible porin defect in the outer membrane of highly -lactam-resistant strains of S. marcescens
In outer membranes from S. marcescens strains 921/79 and HIM 307-2 at all stages of antibiotic sensitivity, SDS-PAGE with extended separation time revealed the presence of four proteins with apparent molecular masses of 42, 40, 35.5, and 28 kDa, respectively, In strain 921/79, an additional 39 kDa protein was present in the isolate with low resistance but absent from the highly resistant clone (Figure) .
The 42, 40, and 39 kDa proteins remained 'peptidoglycan associated' and insoluble in cell envelopes treated with 2% (w/v) aqueous solution of SDS at 60°C. They were insensitive to digestion by trypsin (data not shown). In these properties they resembled the outer membrane porins OmpF and OmpC of E. coli K12 and other E. coli strains. 32, 33 The 42 and 40 kDa proteins presumably corresponded to S. marcescens porins OmpF and OmpC. 20, 22 The 28 kDa protein was modified to produce the 35.5 kDa protein by heating at 100°C. Both the 28 kDa protein and the 35.5 kDa protein modification were dissolved from envelopes by SDS solution at 60°C and were digested by trypsin, in a similar fashion to the major outer membrane protein OmpA of E. coli and the OmpA type protein in different strains of S. marcescens. 14, 34, 35 OmpA maintains the stability and shape of outer membranes. 36 Formation by OmpA of hydrophilic pores with very low permeability for small molecules has been reported, but these pores do not function as -lactam penetration channels. 37 Quantities of outer membrane proteins determined by laser densitometry of the separated protein bands are shown in Table II . Relative amounts of porins are given as percentages of quantities of outer membrane protein OmpA (sum of amounts of 35.5 and 28 kDa proteins), assuming that the amounts of this protein were identical in the different isogenic S. marcescens isolates and were not related to the changes in -lactam sensitivity.
The -lactam-sensitive parent strain HIM 307-2 contained major amounts of the porins OmpF (42 kDa) and OmpC (40 kDa) in a ratio of 2 to 1. In the highly resistant clone of HIM 307-2, OmpF and OmpC were reduced ten-fold and three-fold, respectively. However, both porins were present in the low resistant state of HIM 307-2 in quantities similar to or higher than those in the sensitive HIM 307-2 parent. These porins reappeared in the HIM 307-2 revertant with lower resistance (LRII, data not shown).
In the 921/79 isolate with low resistance, a revertant from the original highly resistant strain, the outer membranes contained OmpF as major porin, and small amounts of OmpC and the 39 kDa protein. The quantities of OmpF were five-to ten-fold lower in the highly resistant 921/79 and in the reisolated clone, which had been obtained by selection for high resistance after previous spontaneous reversal to low resistance. In the highly resistant state, the 39 kDa protein was absent whereas OmpC remained unchanged. The identity and function of the 39 kDa protein remained unclear.
A relationship between the 39 kDa protein and OmpF was suggested by assays for osmoregulation of porins in the 921/79 isolate with low resistance. At high osmolarity, repression of OmpF and elevated expression of OmpC have been shown to occur in E. coli 38, 39 but not in S. marcescens. 13 However, in S. marcescens with low resistance grown in the presence of sucrose 150 g/L (921/79 LR/su, Table II; Figure) , the amount of OmpF was reduced to 50% of the value in the absence of sucrose whereas the 39 kDa protein was increased seven-fold and OmpC remained unchanged. Surprisingly, in the transformant 921/79 LR/pNU434(ampD 
Discussion
This study confirms and extends preliminary observations on the individual roles of overproduced chromosomal -lactamase and porin defects in the different degrees of resistance of S. marcescens to extended-spectrum -lactam antibiotics. 1 No significant difference in porin content between the state of -lactam sensitivity and that of low resistance was found. In the two unrelated clinical strains 921/71 and HIM 307-2, lower resistance was shown to be caused exclusively by the semi-constitutively overproduced chromosomal -lactamase, most likely as the result of mutational defects in an ampD-type gene. The presence of ampD as a negative control gene of -lactamase induction has not yet been shown for S. marcescens. However, transformation of S. marcescens in the low resistance state with cloned wild type ampD of E. coli eliminated -lactamase overproduction and restored high sensitivity to extended-spectrum -lactams in the same manner as shown previously for C. freundii, 5, 6 E. cloacae, 7 and even chromosomal class-A -lactamaseoverproducing Proteus vulgaris. 40 The inducibility of -lactamase was much lower in the ampD transformants of S. marcescens with low resistance than in the -lactam-sensitive and normally inducible wild type strain S. marcescens HIM 307-2. Degradation of the Serratia N-acetyl-anhydromuramylpeptide induction signal by the E. coli N-acetyl-anhydromuramyl-L-alanine amidase AmpD suggested a very effective negative control function of the E. coli ampD in S. marcescens. A common role of ampD in the regulation of chromosomal -lactamases and of defective ampD in -lactam resistance factor is likely in all enterobacteria.
As predicted, 1 the state of high resistance to extendedspectrum -lactam antibiotics in the two different strains of S. marcescens could be explained as the combined effect of overproduced -lactamase and decreased penetration of the antibiotics due to greatly diminished amounts of porins OmpF or OmpF and OmpC, respectively. That porin defects alone cause only a minor degree of resistance was shown in highly resistant bacteria after the elimination of -lactamase overproduction by complementation of defective ampD with E. coli ampD . Porin defects regularly disappeared again in the progeny of highly resistant bacteria during spontaneous reversion to the state of low resistance in the absence of -lactam antibiotic. Thus, in a -lactam-free environment, porindefective clones are not likely to persist and accumulate.
The very stable overproduction of chromosomal -lactamase, due to ampD mutation, in isolates of S. marcescens with low and high resistance is the major factor in the origin of permanent resistance against extendedspectrum -lactams. Different types of ampD mutations, point mutations, deletions, and IS1 insertions have been described. 5, 6, 41, 42 In the S. marcescens strains described in this study, ampD mutants with irreversible deletions or insertions were selected preferentially during prolonged exposure to cefotaxime in a clinical case of treatment failure as well as during the selection of resistant clones in the laboratory.
Future efforts to ensure the reliable activity of extendedspectrum -lactam antibiotics against Gram-negative pathogens could aim at interrupting the -lactamase induction pathway and thereby eliminating the overproduction of -lactamase resulting from ampD mutation. This could, for example, be achieved by inactivation of AmpG, the membrane-bound transducer of the induction signal, 43 or AmpR, the signal-dependent transcriptional activator of the synthesis of chromosomal AmpC-type -lactamase. Our data showed that inhibition of S. marcescens by the carbapenem antibiotic imipenem is not impeded by porin defects and is only slightly decreased by overproduced -lactamase. However, imipenem is similarly subject to slow hydrolysis by the -lactamase of the highly resistant S. marcescens 921/79 as are some other extended-spectrum -lactam antibiotics.
1 This may be due to the high-affinity binding of imipenem to multiple essential penicillin-binding proteins in S. marcescens.
2 Carbapenem-hydrolysing serine-and metallo--lactamases described recently in S. marcescens are not yet universally present in clinical strains of this bacterium. 44, 45 
